By incorporating an anomalous weak link (AWL), the coupled-grain model is modified to describe the anomalous decrease of microwave surface impedance (Z s ) of YBa 2 Cu 3 O 7−δ thin films in a weak dc magnetic field (B dc ). The critical current density of the AWL has a minimum at zero B dc , a linear dependence on B dc for low B dc and a saturation at high B dc , unlike a conventional weak link. Using this model, the field dependences of surface resistance are calculated at different rf input powers and resonant modes. The dimensionless parameters r H , defined as the ratio of the change of surface resistance and reactance, are also computed. The simulation results agree with the measurement qualitatively. We believe that the anomalous Z s behaviour may originate from the AWL.
Introduction
An anomalous field dependence of surface impedance Z s of YBa 2 Cu 3 O 7−δ (YBCO) thin film, which decreases with elevated applied external dc magnetic field (B dc ), was recently observed by several groups [1] [2] [3] [4] [5] [6] .
To investigate the underlying mechanism many studies have been carried out in our group. We used a YBCO meander line microstrip resonator with a fundamental resonant frequency of 1.1 GHz at 77 K to measure the field dependence of Z s in weak B dc . The Z s behaviour was studied at different rf power, B dc orientation and harmonic modes of the resonator. Some interesting results were revealed.
(i) The field dependence of Z s is independent of the B dc orientation. The Z s behaviour showed similar features for different orientations of B dc , except for different field values of the turning point, which can be attributed to demagnetization effects. (ii) A comparative study on two samples showed that a stronger anomaly appears in a thin film with larger zerofield resistance (R s0 ) [6] . One of the samples with R s0 of 52 µ at 1 GHz and 77 K decreased by more than 43% of the zero-dc-field value, while the other with R s0 of 18 µ had a relative change of 7%. (iii) Impedance plane analysis clearly indicated that surface resistance and reactance are correlated and different mechanisms, corresponding to different r values (r is the ratio of the change of surface resistance and reactance), govern the Z s behaviour before and after the turning points (B c ) [4] . (iv) Hysteresis measurements demonstrated that the anomaly only occurs below the lower critical field of the superconducting microstrip (H c1,strip ) when B dc increases from a zero field. As the field decreases from a large field (beyond H c1,strip ) R s remains almost constant at small fields where the anomalous R s behaviour appears.
Before we start to discuss the mechanism, another kind of anomalous field dependence of R s observed in bulk YBCO samples should be mentioned [7] . In the case of decreasing field, the value of R s is lower than that in the case of increasing field for the same external applied magnetic field, and the minimum value of R s is obtained before the external magnetic field reaches zero. These features are well explained qualitatively by a two-level critical-state model. This model applies the critical state model on two levels, the macroscopic and the local levels. It is noted that the above anomaly is only observed in the decreasing field, whereas, in our experiment, the anomaly only occurs in the increasing field and it disappears in the decreasing field.
Usually weak link-and vortex-related mechanisms are considered as the two main sources of the field dependence of Z s . The results of (i) and (ii) lead us to believe that the anomalous Z s behaviour is mainly due to weak link (WL) mechanisms. The WL distribution is presumably random in the film [8] , and leads to independence of R s from field orientation. The R s0 values for the two samples are high comparable to the single crystal and high-quality thin films [9] . The large R s0 means more WLs in the films, in other words, the large R s0 is attributed to the granularity of the high-T c superconducting (HTSC) films. From this point of view the strong granularity of thin films results in large anomalies. In the impedance plane analysis r-values are the different constants before and after the turning point, which implies that the Z s behaviour before and after the turning point is dominated by one mechanism. Hysteresis measurements suggest that the vortex mechanism is not related to the anomalous behaviour because the pinned vortex in the film, which enters into the film as the field increases beyond H c1,strip , cancels the anomalous behaviour.
From the above discussion we consider that a vortexrelated mechanism can be ruled out, and the anomaly is strongly related to the WLs in the film. Let us look at some existing WL-related models, which describe the Z s behaviour in the presence of a magnetic field. One type of model considers vortex-related losses in the WLs [10] [11] [12] . For the vortex hysteresis loss, Halbritter [10, 11] points out that R s is proportional to the applied magnetic field. As for the vortexantivortex creation and the annihilation loss mechanism which exists in a long Josephson junction, a circuit model is proposed to compute these losses. The results show losses caused by vortex-antivortex creation and annihilation increase with applied magnetic field because more and more vortexantivortex pairs nucleate and annihilate as the field increases. The processes of nucleation and annihilation will dissipate the energy and increase the microwave losses. So, the mechanism of nucleation and annihilation of vortex-antivortex pairs cannot explain our results. The other type of model concerns the electrical losses in the resistive branch of the Josephson junction, and is called the coupled-grain model; it was initialized by Hylton et al and developed by others [13] [14] [15] [16] . This model assumes that a high-T c superconducting thin film consists of a network of superconducting grains connected by grain boundaries. The grain boundary is equivalent to the WL, which is described by a resistively-shunted-junction (RSJ) model. This model predicts a quadratic dependence of Z s on applied rf magnetic field, which agrees with some experimental results. Based on this model, some modifications have been introduced. A superconducting grain branch has been added to shunt the WL, or a WL has been added in series [17, 18] . These modified models predict some unconventional Z s behaviour; for example, surface reactance decreases at low magnetic field or Z s falls with increased magnetic field under certain conditions. However, they cannot predict the correlated decrease of R s and X s when the magnetic field increases from zero. So, the existing, commonly used models cannot explain our results.
To interpret the anomalous behaviour an assumption concerning an anomalous weak link (AWL) is proposed in this paper. We define AWL as a field dependent on the critical current density J c , unlike conventional WLs. The J c has a minimum at zero B dc , increases linearly at low B dc and saturates at high B dc . This behaviour is similar to the field dependence of the critical current for a d-wave Josephson junction [19, 20] . Several experiments have demonstrated that natural grain boundaries in YBCO thin film exhibit the features of a d-wave Josephson junction [21, 22] .
The anomalous weak link model and calculation of Z s
The difference between a normal and an anomalous WL is the field dependence of J c . In our model we assume the field dependence of J c (B dc ) of AWL to be
where J
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is the zero-field critical current density, and α and β are fitting parameters. Figure 1 plots this relation with the fitting parameters used later in the simulation. The plot increases at low field, and saturates at high field. This function is similar to the Brillouin function used in magnetism.
The coupled-grain model, based on the WL mechanism, has been successful in calculating the field dependence of Z s [13] [14] [15] [16] . Here, the coupled-grain model is modified by serially adding an AWL, as shown in figure 2. In the coupled-grain model, the Josephson element, in the case of small rf current, can be well approximated by an inductance (per unit area) of L j =h/2eJ c (B)F rf (J rf ). Here,h is Planck's constant, e is the electron charge, B is the total magnetic field and J c is the critical current density of the Josephson junction. We think J c is mainly affected by the dc field in our case, that is, the dc and rf effects are independent. So, F dc is introduced, which is the ratio of J c with and without n ), where n is a constant and b rf is a fitting parameter. Analogous to the derivation in [14] , Z s = R s + jX s can be obtained as
where σ = σ 1 − jσ 2 and λ are the complex conductivity and penetration depth of the superconducting grain, respectively, ω is the angular frequency, µ 0 is the free space permeability, 
Simulation and comparison with experimental results
In our simulation the ratio of rf current density to critical current density can be approximately determined from the measurement of the field dependence of R s , as shown in figure 3 . R s is extracted from the measured unloaded quality factor (Q u ) together with a simplified geometric factor analytical expression [23] . In the calculation, we have neglected the losses due to radiation, the substrate and the ground plane. The uncertainty in R s caused by the inaccurate geometric factor does not affect our study because only changes in R s are important for the investigation of microwave nonlinearity. The rf maximum current density indicated by arrows corresponds to input powers (P in ) of −10 dB m and −20 dB m. The rf current density is calculated with the expressions given by Oates et al [24] . R s is almost constant at low P in , increases as a linear function of B dc and saturates at about 8 × 10 5 A cm −2 . The increased rate of R s is further enhanced by the increase of the rf power. The following values are used in our simulation: J max rf /J c of 0.115 and 0.335, corresponding to P in of −10 dB m and −20 dB m respectively, deduced from the approximate current density of 8 × 10 5 A cm −2 [25] . For low P in (= − 20 dB m) n = 2, based on the coupled-grain model, and b rf is about 0.13 [16] . For the case of P in = −10 dB m we take n = 1 in our calculation, because the above measurement shows that R s increases linearly with rf current. The penetration depth of the superconducting grain is 0.3 µm in the calculation. Other fitting parameters of the model are listed in table 1.
The simulation results (curves) are shown in figure 4 for the case of B dc perpendicular to the surface of the film. The experimental results are also included for comparison. P in is −10 dB m and −20 dB m, respectively. The simulation results agree well with the measurements for P in = −10 dB m. The calculation, however, only agrees qualitatively with the measurement for P in = −20 dB m with the same fitting parameters. This may be due to the same values of β being taken in both P in cases. From equation (1) we know that β represents the increase of J c of the AWL. The rf field will cause a larger suppression of J c for the larger source power and lead to lower β. So, an increase of β from 0.32 to 0.53 for P in = −20 dB m is used to create a good fit. In the high field the simulation results deviate from the experimental results because the coupled-grain model is not valid in high fields. In such a case, solving the Josephson junction circuit equation is necessary.
The dimensionless parameter r H (= R s / X s ) is also calculated, as shown in figure 5 , and it is an important parameter in determining the mechanisms of microwave loss. In our calculation the reference points for the values of reference R s and X s are chosen at B dc = 0 G when B dc < B c and at B dc = 10 G when B dc > B c . The r-values vary from 0.33 to 0.47 when B dc < B c and from 0.08 to 0.12 when B dc > B c ; these are close to the experimental results of 0.6 and 0.1 [4] .
Using the same parameters the field dependences of R s for the second and third harmonic modes are also calculated and compared with the experimental results for the source power of −10 dB m, as shown in figure 6 . The simulation and experimental results are indicated by the curves and symbols, respectively [4] . We find that our simulation agrees with the experimental results qualitatively. If the simulated R s are given a constant offset for every resonant mode, shown by the dashed curves, the offset results agree with the experimental results very well. It is noted that the offset at a certain frequency is independent of B dc . This indicates that the offset does not originate from the HTSC thin film because the microwave losses of the thin film are always dependent on B dc . Different offsets corresponding to different resonant frequencies may be attributed to the frequency dependence of other losses, for example substrate loss and radiation loss. Hence we think that the offset is due to the uncertainty of the geometric factors and other microwave losses. Hence, the validity of our model should not be affected by the offset.
Discussions
By introducing the AWL mechanism into the coupled-grain model, the anomalous Z s behaviour at weak B dc can be simulated. The effects of rf current in Oates'experiment [25] and B dc in our experiments on R s are similar. The applied B dc decreases the J c of the WL and leads to an increase of J rf /J c . From the above, we have tried to outline the physical process of the Z s behaviour. There are two kinds of weak link in the film, the AWL and the WL. The total Z s is the sum of contributions from the AWL and the WL. The behaviour of Z s is governed by an exponential decrease from the AWL and a power increase from the WL. At B dc < B c , the increase of Z s caused by the WL is small as demonstrated in [25] . The AWL dominates the Z s behaviour and this leads to a decrease of Z s . At B dc > B c , the decrease of Z s from the AWL approaches zero. However, the Z s contributed by the WL increases greatly with an increase of B dc . So, the WL mechanism dominates the Z s behaviour in this region.
Summary
The coupled-grain model is extended by adding serially an AWL so that the current density increases linearly with B dc at low B dc and saturates at high B dc . The simulation agrees with the measurements qualitatively, which suggests that the AWL may be the origin of the anomalous Z s behaviour in a weak magnetic field.
